Abstract. Friction Stir Welding (FSW) is getting its popularity because it is considered as an environmentally friendly manufacturing. Homemade FSW tool to be attached to a conventional milling machine was designed and fabricated. Experimental investigation of FSW process of the Aluminum alloy work piece to observe its heat generation was performed. Since heat generation is the main objective in a FSW process, the importance of identification of heat generation performance in a welded specimen is paramount. Heat generation of a welded specimen during FSW was measured using infra red thermal camera. The limitation of the measurement is it only captured the heat generation at surrounding area and surface of the welded specimen. Therefore, the heat generation inside contact area could not be identified. To overcome this problem, a finiteelement model of the FSW process was developed. A model consists of a solid model of half the welded specimen since the symmetrical behavior of the geometry and boundary condition was assumed. Heat transfer analysis of a solid body model of a work piece was computed. It was observed that FSW parameters which involved dominantly in the heat generation were spindle speed, feeding rate and normal force. The heat generation model of FSW process was validated with the one from the experimental investigation. Good agreement between the numerical and the experimental investigation result has been made.
Introduction
FSW is a significant development of a welding technology in this decade. In the middle of the green technology issue, FSW process meets this requirement. Compare with other conventional welding techniques, FSW consumes less energy, no filler required, no emission produced during welding process and no crack occur during solidification. The last issue is common occurred to a fusion welding since the base material also melts.
In more detail, the benefit of FSW can be categorized in three aspects. Those are the metallurgical, environmental and energy benefits as stated by Reynolds [1] . Metallurgical benefit: FSW process performs at solid state, good dimensional stability, low distortion and high repeatability. Furthermore, there is almost no loss of alloy element, good mechanical behavior at the joint, fine microstructure after re-crystallization is formed, capable of joining all aluminum alloy and post-welding work piece can be formed. Environmental benefit: No gas needed, eliminate waste since no grinding process, minimum surface treatment, almost no waste product and no emission is produced. Energy benefit: improve material usage, weight reduction and less energy consumption.
FSW is initially developed for Aluminum Alloys at The Welding Institute (TWI), United Kingdom in 1991 as a joining method at solid phase. The mechanism is quite simple where a welding tool drill a specimen until its shoulder reaches the surface. Therefore, the friction mechanism occurs hence the heat generated in contact area. The heat softens the specimen, and the pin stirs the soft material and joins the separate specimen. The process is illustrated in Fig. 1 . If this mechanism is performed in a correct configuration parameter, the specimen will perform unification in a full solid state, hence no part of the specimen melts. The knowledge behind the heating and stirring mechanism up to this date is not fully comprehended. Therefore, there is still space for further development.
Heat Generation of FSW process
In a FSW process, heat is generated from the combination of friction process and plastic dissipation during the deformation process of the work piece. Heat generation mechanism is dominated by its welding parameters, thermal conductivity of the work piece, pin, base and tool geometry. Spindle speed and feed rate also play a significant role in the heat generation. Logically, combination of high spindle speed and low feed rate will make the maximum heat generation. In order to understand the heat generation phenomena of a work piece, Identifying the map of heat generation in a work piece area become important. Axis symmetric temperature field near the welding tool and relatively higher temperature in the retreat region have been identified by Record [2] .
Reynolds [1] reported that the experiment results showed that majority of high temperature detected at shoulder and work piece interface. Which of the mechanisms between friction process and plastic dissipation give the higher contribution depend on the contact condition, whether it slides or stick or both. Another study by Tang [3] showed that heat produced by pin was not significant compared with the one from the shoulder and work piece. Range of the heat generated from plastic dissipation was in the range of 2% to 20% [4] [5] . 
Development and Experimental investigation of Welding Tool
The idea of developing a welding tool for performing FSW was to explore the possibility of utilizing the existing milling machine by attaching the homemade welding tool. Rather than design and fabricate the whole FSW machine, with this approach, the research can be more focused on the probe design, manufacturing and FSW mechanism. The utilization of milling machine for FSW purpose was also performed by Blignaut by altering the system control of milling machine. The initial design and final fabricated probe are shown in Fig. 2 [6] . The Dekel Maho milling machine was used for this purpose. Configurations of FSW parameters are shown in Table 1 . To choose the suitable tool material, following considerations have been addressed. The first consideration is based on the heat propagation characteristics. From the contact area, heat propagate more to the specimen direction and not to the probe is desired. Material of the welding tool with far lower the thermal conductivity value is preferred. Second consideration is its strength. Material that can resist to the friction mechanism was selected. The last issue is cost since designing and fabricating a welding tool is considerably cheaper than to alter the machine system.
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Length of the pin is determined by work piece thickness, tool height setting and clearance between tool tip and work piece supporting base. Pin diameter is arranged in such a way that it is not broken due to transversal force and able to consolidate work piece material before the heat gradually cooling down. From those reasons, a class of mild steel has been chosen as the material of the welding tool.
Two pieces of aluminum alloy plate with the dimension 50x50 mm were prepared. To capture the heat, infra red video camera was used. The overall setup is shown in Fig. 3 (left) while the heat generation as captured by infra red video camera is shown in Fig. 3 (right) . From the video result, any particular point of interest (POI) can be determined. For this purpose, the point located at the surrounding of the contact region was observed. 
Numerical model of FSW Process
Previous numerical models were developed by many researchers. Among them are Colegrove [5] , Vepakomma [7] , Chao [8] , Wong [9] and Shah [10] . Heat generation analysis of a solid model became the focus of this research. The finite-element model of FSW process was constructed as shown in where q shoulder is local heat flux and q pin is surface heat source from the pin, µ is friction coefficient, F n is normal force, τ is average shear stress as a function of temperature, A s is shoulder contact area with the specimen, ω is spindle speed, r is distance from an arbitrary point in the shoulder area, r p is pin radius, ε is surface emissivity, h up , h down are natural convection constant of top and bottom side respectively and σ is Steffan-Boltzman constant. 
Results And Discussion
Considering the file size, data was recorded only in one minute for each attempt. The transient phase of arising temperature was not captured. Fig. 5 . Maximum heat at 646 O C was generated at the boundary of contact location between the probe and work piece surface. In the surrounding region out of the contact area, the temperature decreased. At the same position as the location of POI, good result agreement was found where the temperature generated was around 470 O C. This results have a good agreement with the finding from other researcher [7] .
From the simulation, it was found that by changing the following parameters: (1) normal force, (2) welding speed, (3) spindle speed and (4) friction coefficient, heat generation can be controlled. Parameter number one to three are related to the milling machine while the last one depends on the contact surface between tool and work piece. Before utilizing the Deko Milling Machine, another NC milling machine was used. The normal force was found relatively low for FSW purpose since the welding process stuck and cannot be performed. This phenomena was occurred due to low heat generation. The heat was not enough to soften the work piece. From the simulation, it was observed that normal force played a quite significant role to the heat generation process.
After replacing the NC milling machine with a heavy-duty load milling machine, FSW process can be performed since the normal force was increased. From visual inspection by cutting the post welding across welding location, defects in the presence of the scattered voids were observed. The defect occurred due to early cooling process of the work piece before the stirring mechanism was perfectly done.
Conclusion
From this research, some conclusions have been made and presented as follows:
1. Homemade FSW tool has been designed and fabricated. 2. FSW process using homemade welding tool and utilizing the heavy load milling machine have been performed successfully with minor defect. 3. Heat generation map of a work piece material has been produced using the numerical model. 4. Good agreement between experimental and numerical investigation with error less than 5% have been made.
